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The use of cadmium chalchogenide nanoprecipitates to obtain brightly coloured glasses enormously expanded by the beginning of the twentieth century, when the production of cadmium-based pigments was already well established. Six historical stained glass pieces produced between the late 1920s and modern days have been investigated in order to delineate the average size and the elemental composition of the nanocrystals. As non-invasive conditions are now mandatory when considering objects belonging to cultural heritage, Raman spectroscopy is used to measure the (average) elemental composition of the nanoparticles. Zinc substitution is also detected by the shifting of the Raman peak position. Moreover, a tentative evaluation of size distribution and crystallinity of the nanoparticles has been performed considering those parameters that are mainly influenced by the disorder of the system, such as Raman band width, surface phonons and the ratio between second and first order band intensities. A confirmation of the above-mentioned conclusion is searched 1200-1400°C and, at these temperatures, CdS and CdSe occur in the atomic or molecular dispersed state. If the melt is cooled down to room temperature, a supersaturated solid solution of semiconductor nanoclusters (nuclei) in a transparent silicate matrix is obtained [15] . Thus, the formation of the glass during the first cooling stage is followed by a second reheating to the crystal growth maximum to favour the crystallization of the pre-formed nuclei, whose extent will strongly influence the composition of the resulting particles [16] . In particular, while crystal growth of CdS is characterized by a positive size-thermal treatment correlation resulting in a uniform distribution of nanoparticles as well as in slight colour deepening, red and orange CdS x Se 1−x glasses are even more dependent on heat treatment. When cooled rapidly, red glass may not show any or only a faint colour, while a re-heating near the softening point causes the colour to 'strike' and deepen as long as it is kept at a suitable temperature. The more extended is the thermal treatment, the more reddish the glass will be. Thanks to specific expedients concerning both composition and manufacturing of certain batches, however, a red colour can be obtained even when the glass is cooled rapidly (pot ruby glass) [17, 18] . The chemical composition of the mixed nanocrystals (NCs) as well as their average size and size dispersion are the main parameters determining the properties of glass-embedded quantum dots [19, 20] and different techniques allow obtaining information about these parameters.
Because sampling is now generally prohibited concerning cultural heritage objects, the potentialities of a non-invasive technique such as Raman spectroscopy for the characterization of nanoparticles embedded in a solid matrix have been investigated [21] [22] [23] . Raman spectroscopy was largely used in the last 10 years to characterize glassy silicates [19, 24] . Thanks to the identification of the main features of the optical phonon bands related to CdS and CdSe (such as wavenumbers, broadening and asymmetry), the technique also allows estimating quantum dot composition and size [20, [25] [26] [27] [28] . All the aforementioned parameters, however, could be variously affected by other factors, such as the compressive strain arising from the glass matrix pressure [29, 30] , the possible diffusion of zinc from the matrix to NC structure [31, 32] , the presence of surface phonons (SPs) [33, 34] , due to NCs' small size, and the confinementinduced scattering by phonons with a non-zero wavevector [35] [36] [37] . In order to pass over the ambiguous interpretation of the results due to the above-mentioned factors, the great importance of the complementary use of different non-invasive techniques has been also stressed in a previous work [23] . Size information obtained by Raman scattering, especially from Raman peak bandwidth and shape, arises from the limitation of the phonon propagation by particle surface, interface or defects. Consequently, in many cases the coherence length deduced from the Raman data is much smaller than the grain size [38] .
In this work, a more detailed Raman investigation has been carried out on the same samples studied in Fornacelli et al. [23] , in order to better understand the correlation between the nanoparticles and the phonon band features (such as shifting, broadening and asymmetry). Transmission electron microscopy (TEM) was used to both determine the true particle size, crystallinity and distribution and to confirm or not the results obtained via Raman data processing. Six historical glasses have been investigated taking advantage of resonant Raman allowing the investigation of dilute systems like glass-embedded NCs enhancing the differences between the NCs and the host matrix (due to the sensitivity to the nanoparticle parameters).
The investigation is also part of a more extended project addressed to the authentication of a stained glass window (figure 1) conserved at the Museo della Vetrata Antica in San Sepolcro (Italy). The window, originally manufactured for the Morris Chapel in Gildestone (UK) is dated back to the late nineteenth century and is attributed to an English craftsman on design of William Morris (supposed by the typical pre-Raphaelite physiognomy of the Madeleine, the second on the left).
The museum was born thanks to the great interest of an Italian art historian and trader for stained glass, whose compulsive collection of windows coming from all over Europe (from many big windows to small loose pieces) led to the storage of a chaotic collection, where incomplete windows had been integrated with loose pieces without any kind of care to the homogeneity of the final product. As the window is supposed to have been manufactured around the last decade of the nineteenth century, the presence of pieces of CdS-CdSe glasses appeared somewhat unlikely, because this colourant was not largely diffused in those years. Hence, after the preliminary detection of the presence of cadmium compounds in some red glasses coming from a loose portion of the window (sample 5, see Sample section), the investigation went further in order to set a more effective protocol to discriminate between the first examples of CdSCdSe glasses and the modern ones with the aim of providing more information to support the authentication of the window.
Experimental (a) Samples
The samples analysed in this work have been described elsewhere [23] and consist of glasses produced from the 1920s until the present day (average thickness 3 mm). The samples have been labelled from 1 to 6 according to a change of colour from bright yellow (1 and 2), to orange (3 and 4) and red (5 and 6). Samples 1, 4 and 6 are the most recent and transparent, while samples 2 and 3 were produced between the 1920s and the 1940s and are characterized by a dense colour [23] . Finally, sample 5 belongs to a set of samples attributed to the Crucifixion window. The chemical composition of the samples (obtained by X-ray fluorescence (XRF)) is reported in table 1.
(b) Vibrational analysis
The Raman characterization was performed using an excitation near or slightly above the band gap (e. transitions, is required to detect the Raman signature of the minor phase (less than 1% vol) from that of the glass matrix (more than 99% vol). Raman spectra were recorded at room temperature using different exciting laser lines and instruments: (i) a Labram HR800 Raman micro-spectrometer (Horiba Jobin Yvon SAS, Longjumeau, France) equipped with a Peltier cooled CCD matrix detector under the 457.8 nm excitation line delivered by an Ar + ion laser (Coherent, USA) and (ii) a Labram Infinity spectrometer (Dilor, Lille, France) equipped with a Peltier cooled CCD matrix detector and the 633 and 532 nm excitation lines respectively of a double frequency YAG and He-Ne laser. 50× and 100× long working distance Olympus objectives were used. For all the above spectrometers, the spectral resolution was approximately 1 cm −1 . All Raman spectra have been recorded with an excitation power sufficiently low (2.5 mW) to avoid any thermal effect (the absence of degradation was controlled by optical microscopy). Spectra were fitted using Origin peak-fitting software (OriginLab Corp., MA, USA) assuming a Lorentzian line shape for the first order bands and a Gaussian distribution for those bands above 500 cm −1 . Fitting represents a powerful tool to better separate unresolved bands into several components and investigate the effects of several factors on the resulting spectrum [39] .
(c) Transmission electron microscopy-local elemental analysis TEM was performed at the CEMES Laboratory. Imaging and energy-dispersive X-ray mapping were carried out using a Philips CM20-FEG electron microscope operating at 200 kV and equipped with a Microanalyse QUANTAX detector XFlash 30 mm2 127 eV. TEM specimens were prepared by mechanical polishing and ion-beam thinning (Gatan PIPS). The detail of this type of sample preparation can be found elsewhere [40, 41] 3. Results and discussion Yükselici [28, 42] . The thermal diffusion of zinc inside the NCs during the nucleation stage represents another important factor to be taken into account. As the host matrix for CdS x Se 1−x quantum dots is in many cases a zinc-containing glass, a thermal diffusion of zinc inside the NCs during the formation stages could be expected. Zn can start to diffuse from the glass during the nucleation stage [43] and the diffusion becomes more intense as the annealing temperature and time increase (i.e. during coarsening stage). During the first stages of crystal growth, when the particle size is small and the amount of Zn is still low, the quantum confinement effect dominates over the compositional changes due to the presence of Zn [44] ; with particle size growth during the coarsening stage, the incorporation of zinc increases resulting in an upward shifting whose extent increases proportionally to Zn diffusion inside the crystal and variously affects the frequencies of the LO and LO phonon bands according to CdS-CdSe solid solution [45] . The contribution of Raman spectroscopy to the study of glass-embedded quantum dots, however, is not limited to a non-invasive elemental analysis. Both low-wavenumber asymmetry and broadening of the optical phonon bands have been resolved according to the influence of different factors, such as the presence of SP, confinement-induced scattering by phonons with nonzero wavevectors [20, 46, 47] , strains due to matrix [48] , size/compositional and shape disorder and interface modes [44] .
The influence of phonon confinement and compressive strain (imposed by the glass matrix in stained glass window) on the longitudinal (LO) phonon bands, both concerning their wavenumber and width, has been stressed in previous works. While confinement and strain effects have been demonstrated to shift the CdS-and CdSe-like modes in a similar way (both the phonon bands are red-shifted or blue-shifted, according to size or strain effects, respectively), a change in the average composition of the NCs causes a band shifting in opposite directions (diverging or converging according to a variation of the solid solution between CdS and CdSe). Hence, the determination of the composition of the mixed crystals by the evaluation of the difference between CdS-and CdSe-like modes appears to be less affected by errors [24] .
On the other hand, LO phonon band shifting has to be extremely carefully evaluated, because of the large number of factors involved and the different effects on CdS-and CdSe-like modes (both concerning the direction and the extent of the displacement).
In order to estimate the size effects on the final Raman spectrum and to evaluate the NC average size, the investigation of other parameters, such as the presence of the SP and the ratio between the first and second order Raman scattering bands of each CdS-and CdSe-like modes, is fundamental. Raman investigation of mixed CdS x Se 1−x NCs in a glass matrix can also provide useful information about topological disorder. In previous studies, the broadening of the first order bands, together with the presence of low-frequency tails, has been related to heterogeneities in the composition and the size of individual quantum dots from their average values, as well as to deviation of the NC shape from spherical and random irregularities of the shape of interfaces [30] . Moreover, the broadening of the optical phonon peak has been mainly related to a change in crystalline quality of the semiconductor phase, while shape disorder (interface roughness) does not change significantly the central part of the peak, but results in a low-frequency tail within the optical phonon band of the bulk material. From samples 1 to 6, a convergence of both first and second order CdS-and CdSe-like phonon bands is observed according to an expected decrease in the sulfur content from yellow to red samples. At the same time, a reduction in the intensity of the combination mode (1LO CdS + 1LO CdSe) at around 490 cm −1 is evident for those samples where a comparable content of S and Se (4, 5 and 6) can be expected. In figure 2 , the principal effects due to different average NC compositions are evident.
A compositional treatment of the Raman data has been reported elsewhere [23] . Similarly to some previous works ( [42] and references therein), the S and Se contents for quantum dots in glasses have been estimated as follows: The average S content (x) has been obtained by surface phonon bands wavenumber, according to Scamarcio et al. [25] . ω 2 , respectively) for crystals of the same composition [24] has been investigated and a graphical representation is reported in figure 3 .
(c) Role of zinc (or zinc diffusion from the matrix)
The role of phonon confinement and compressive strain can be carefully investigated as long as the diffusion of zinc inside the NCs is neglected. As sulfur has a greater tendency to leave the glass and form crystallites [49] , the diffusion of zinc inside the NCs strongly depends on the stoichiometry of the glass batch and is more favoured in those glasses having a high amount of sulfur. In particular, when a strong predominance of S or Se is observed [28] , the upward shift due to Zn diffusion has been demonstrated to mainly affect those phonons related to the most abundant anion.
The CdS-phonon band blue-shifting observed in sample 1 is assigned to a diffusion of zinc inside the crystals, as also verified in Fornacelli et al. [23] . In a similar way, a slight blue-shift affects both CdS and CdSe bands in sample 3, where the small difference in the shifting characterizing the two bands can be related to a higher influence of the zinc effect on the CdS phonons, as CdS represents the more abundant phase in the CdS-CdSe solid solution. On the other hand, the redshift affecting both CdS and CdSe phonon bands in samples 2, 4 and 5 is a clear evidence of phonon confinement effects, i.e. small size of the NCs.
The influence of zinc diffusion on the Raman signature of a population of nanoparticles has thus to be taken into account when an evaluation of its main properties (disorder, average size, composition) is carried out.
(d) Particle size effects on Raman signature
A more complex overlapping of different effects is probably affecting sample 6, where a red-shift of the CdS-phonon band is not accompanied by a corresponding behaviour of the CdSe one. Here, the simultaneous roles of phonon confinement and zinc effects can be assumed, resulting in the opposite shifting. As already mentioned, zinc has a major role in CdSe phonon bands, especially when the Se content is relatively high. This opposite shifting is however responsible for a decrease of the ν, causing an over-estimation of the selenium content in the NCs.
Surface phonon bands are caused by an increase of the surface-to-volume ratio for small particles [26] , causing the SP modes to become prominent in a nanosized system, and are considered to be independent of the NC size [50] and rather weakly dependent on NC composition [26, 30, 33] . Owing to size-independence of SPs, an estimation of NC average composition has also been carried out. SP wavenumbers have been compared with data in the literature [48] and the average composition of the six samples has been estimated. A very good correlation with the compositions obtained by equation (3.1) has been verified, except for sample 6 where the over-estimation of selenium deduced by the shifting of the LO phonon bands has been confirmed (tables 1 and 2).
The relaxation of confinement-related selection rules due to the small crystallite size leads to asymmetries more pronounced on the lower-wavenumber side, even if a slight positive contribution on the CdS-like mode due to an imperfect atomic order in NCs, i.e. an atomic system with the topology of a regular crystal lattice, but with random interatomic distances, has been also observed. Moreover, phonon confinement, due to nanosized crystals, is strongly correlated with the intensity of first and second order LO phonon bands, whose ratio (I 2LO CdS /I 1LO CdS as an example) has been verified to be inversely proportional to NC size [25, 51] .
The I 2LO CdS /I 1LO CdS values have been calculated for all the samples and processed according to Scamarcio et al. [25] in order to estimate the NC size. For most of the samples, the average size of the nanoparticles has been estimated to be less than or equal to 20 nm, while the higher intensity ratio calculated for sample 6 suggests a higher particle size (approx. 30 nm).
The inverted effect of phonon confinement on the I 2LO CdS /I 1LO CdS has however to be considered for nanoparticles composed of just CdS, where a positive correlation with NC size has been verified both for cubic and hexagonal CdS [52, 53] . The low I 2LO CdS /I 1LO CdS value (0.36), together the slight asymmetry observed for the 1LO CdS-phonon band in sample 1 can be considered as an evidence of CdS in a prevalent cubic modification [25, [52] [53] [54] , probably related to a low-temperature annealing, because the hexagonal structure tends to predominate above 300°C (at 450°C only a negligible fraction of cubic CdS remains to be transformed). In those glasses annealed at relatively low temperature, a shape disorder of the particle also results in a symmetric band broadening [30] , as observed for sample 1 where the FWHM of the 1LO CdS band (approx. 19 cm −1 ) is higher than the values reported for bulk CdS (approx. 8 cm −1 [24] ). In particular, the difference in the LO phonon band symmetry for the wurtzite and cubic phases represents one of the reasons for substantially higher I (2LO) /I (1LO) ratio in the wurtzite phase, where a change in the electron-phonon coupling is strongly related with a higher intensity ratio observed for CdS and results from a change in NC size and structure [52, 55, 56] . Thus, an average small size (less than 15 nm, according to Arora et al. [53] ) and/or low crystallinity for NCs in sample 1 can be assumed.
Moreover, as a slight diffusion of zinc in the NC structure has been assumed by the blueshift of the 1LO CdS-phonon band, an alloy effect on band broadening due to the presence of ZnS x −CdS 1−x can be also considered, even if disorder effects cannot be excluded ( [44] and references therein). The extent of the relative shifting of the 1LO CdS band resulting from zinc diffusion has been also correlated to heat treatment and, thus, to the time available for crystal growth. In particular, the larger the ω, the longer the heat treatment, i.e. the larger the nanoparticles, as also verified by Persans [27, 44] . Hence, the low ω registered for sample 1 (3.1 cm −1 compared with 14 cm −1 registered by Persans) can confirm the limited treatment supposed by the study of I 2LO CdS /I 1LO CdS .
The very low intensity of CdSe-like phonon bands in sample 2 suggests the prevalence of CdS structures characterized by a slight diffusion of selenium. The I 2LO CdS /I 1LO CdS ratio can be thus considered as function of the NC size as for pure cadmium sulfide and the presence of cubic small-sized CdS (less than 10 nm) is assumed for this sample.
Usually, the Raman spectra for mixed crystals are characterized by relatively narrow peaks at LO frequencies of the mixed crystal, obeying the usual Raman selection rules, and broad, disorder-activated spectral features associated with phonon density of states [57] . In particular, the FWHM can be influenced by many factors, such as the presence of SPs, the disorder arising from composition/size/shape dispersion and a high or low degree of crystallization of the NCs.
The asymmetry on the lower frequency side is not just a consequence of the presence of surface modes. In particular, a higher Γ a /Γ b ratio (where Γ a and Γ b represent the half width at half maximum on the low-and high-frequency side, respectively) depicts an increase in the low-wavenumber asymmetry of the CdS-and/or CdSe-like phonon bands, which can be due to several factors, such as the aforementioned phonon confinement effects (also represented by the variation of the second-to-first order intensity ratio) or the disordered distribution of NCs within the sample (represented by the presence of the so-called zone-edge (ZE) phonons) (figure 4a). Disorder-induced ZE optical phonons have been observed by Ingale in semiconductor NCs ( [57] and references therein). The inverse correlation between Γ a /Γ b and particle radius has also been stressed in previous studies [26] (figure 4b ).
An extended heat treatment can evidence the low-wavenumber asymmetry, as strains (resulting in high-wavenumber tails) are removed upon annealing [43] . For mixed crystal-doped glasses, a growing process more consistent with a gradual change in crystal stoichiometry, associated with an increase in Se concentration with heat-treatment time, has been observed in previous works [27, 58] . For these reasons, while size and heat treatment are linked by a linear relation in CdS-doped glasses, the size in CdS x Se 1−x -doped glasses tends to an asymptote following a more extended heat treatment which results in an increase in NC degree of crystallization, i.e. the disorder is thus strongly correlated to a wider compositional range. According to this, a lower FWHM could be not only related to a growth in NC size, but likely to an increase in crystallinity. Thus, the narrow bands characterizing sample 6 (estimated by the very low values of Γ b , table 2) can suggest a more regular arrangement of the atoms in the surface layers of the nanoparticles and a partial change in the crystal structure occurring after a more extended heat treatment. On the other hand, high-wavenumber tails due to strain effects can be observed in sample 1.
In conclusion, an evaluation of the role of disorder and phonon confinement has been carried out by the investigation of the extent of the ZE phonons (expressed as the intensity of the 1Ze CdS band normalized to that of 1LO CdS) (figure 5a) and the Γ a /Γ b ratio (figure 5b), respectively. In figure 5a , the intensity of the 1ZE CdS shows a good correlation with the bandwidth of the CdS-like phonon band for samples 2, 4 and 6 suggesting an increasing influence of disorder effects with particle size, i.e. a wider range of compositions can be present. Compositional fluctuations occur in mixed crystals for a single S (Se) atom in the anion sub-lattice, which result in compositional variations (estimated about 0.26% for CdS 0.4 Se 0.6 ) within each sample [20] .
On the other hand, the disorder estimated for samples 3 and 5 by the higher intensities of the ZE phonons was higher than experimental fluctuations, suggesting the presence of two or more populations of NCs. In sample 6, finally, the higher FWHM can be related to alloy effects as a consequence of a major diffusion of zinc in the NC structure.
As phonon confinement has a more relevant influence on the low-energy side of the phonon bands, figure 5b can give a quite exhaustive representation of the main features affecting band asymmetry for each sample. For samples 2, 4, and 5, a higher I 2LO CdS /I 1LO CdS , i.e. a decrease of size, is followed by a quite similar increment in the asymmetry, suggesting a major role of phonon confinement effects.
On the other hand, the different values obtained for samples 1 and 3 can be regarded as the result of an increasing contribution from alloy effects and strains, as also confirmed by the presence of more pronounced high-energy tails characterizing the CdS-and/or CdSe-like bands in both the samples. The lower asymmetry characterizing the high-energy side of the CdS-like phonon band of sample 6 can be related to an extended heat treatment (concerning time and/or temperature) and the consequent reduction of strain effects, causing an enhancing of the asymmetry on the low-energy side. In conclusion, the previous results can be summarized in figure 5c , where the extent of the asymmetry characterizing both the high-and low-energy side is shown. First of all, as an increase in the estimated selenium content (from sample 1 to sample 6, table 1) could lead to a wider range of compositions, a proportional higher disorder is observed for all the samples. Two different patterns, however, allow discriminating recent glasses from the oldest ones.
In particular, as a good correlation between an increase of the contribution from the ZE phonons and the asymmetry of the LO phonon band can be observed for more recent glasses (samples 1, 4 and 6), a higher and strongly increasing disorder could be observed for samples 2, 3 and 5. This different behaviour can be related to the growing influence of several factors, such as a wider size/compositional disorder, or higher compressive strain resulting in more pronounced high-energy tails (i.e. shorter heat treatment). A quite homogeneous dispersion of small (average size around 7.5 nm) cubic/hexagonal CdS nanoparticles has been observed in sample 1, while larger NCs are present in sample 3 ( figure 6 ). In particular, sample 3, where two thin coloured layers have been observed by optical microscopy [23] , showed two distinct populations characterizing two different layers, each with a homogeneous particle distribution (9 and 40 nm are the average sizes characterizing the two layers). In sample 6, the presence of large nanoparticles (150-200 nm) has been observed. Sample 2 showed very small nanoparticles which were difficult to characterize due to the poor contrast. Moreover, some of the samples (2 and 4) also showed the presence of large cubic NaF NC (approx. 150 nm) dispersed in the glass matrix (figures 6 and 7, indicated by the arrows).
Particle size distribution has also been reported in figure 6d-f. While sample 1 showed a very homogeneous distribution of NCs (average size 7.5 nm), samples 4 and 5 were characterized by a higher disorder due to a bimodal distribution of nanoparticles in the glass matrix. Despite the similar average size of the populations present in each sample (5.5-13 nm and 4-7.5 nm for samples 4 and 5, respectively), the size distribution results are different, as the amount of larger NCs is significantly lower in sample 4 (figure 7), while it is more relevant in sample 5 ( figure 6 ).
In conclusion, the results obtained from Raman spectroscopy and TEM have been summarized in table 3. The quite good correspondence between the two sets of data confirms the potentialities of Raman spectroscopy for the non-invasive characterization of mixed CdS-CdSe nanoparticles in the glass matrix.
Conclusion
The spectroscopic investigation of CdS-CdSe quantum dots in a glass matrix allowed a detailed structural and compositional characterization of the nanoparticles. From preliminary study with optical microscopy, the oldest samples showed a complex distribution of the colouring agents (superimposition of thin layers, NC thickening) resulting in less transparent glasses, while modern glasses are characterized by a more homogeneous arrangement along sample thickness. The application of Raman spectroscopy allowed verifying a more disordered NC system in the oldest samples, probably due to less consolidated and standardized manufacturing procedures. Despite a lower, but well-defined, disorder being also observed in recent samples, it can be considered as a consequence of the expected compositional/size fluctuations following a changing in the CdS-CdSe solid solution. The information obtained from Raman and TEM investigations has been compared in order to better evaluate the potentialities of the characterization of nanoparticles via non-invasive techniques. The small size of NCs in all the samples has been estimated by the presence of SPs and phonon confinement effects. The study of the I 2LO CdS /I 1LO CdS ratio allowed detecting a size increase from sample 4 to samples 2, 1 and 6, respectively, also confirmed by TEM where the average size has been observed to expand from
